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ABSTRACT Many researchers have studied on perovskite oxide for its unique structure. Perovskite oxides, 
ABOs.5, with different A and B metals have shown wide applications in many fields, in particular solid oxide 
electrolysers. SrFeO3.5, typical perovskite oxides, in which iron is the mixed-valence cation with the capacity 
to change the chemical valence, have a wide range of oxygen nonstoichiometry. In this study, Sro.9Feo.9Zro.103-s 
(SFZO) is synthesized and then treated in 5%Ho/Ar and air at high temperature, exhibiting excellent redox 
stability. Redox-stable structure, oxygen vacancy and electrical properties of SFZO are investigated. Steam 
electrolysis is then performed with SFZO cathode under 5%H20/5%H2/Ar and 5%H2O/Ar atmospheres, 
respectively. The present results indicate that the SFZO is a novel promising cathode material for solid oxide 


steam electrolyser. 
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1 INTRODUCTION 


The perovskite oxides, ABO3.5, have attracted numerous attention for many years due to the unique structure. 
Perovskite-type oxides have a large flexibility of the structure, in which the valence state of mixed-valence 
transition metal (TM) cations could change to some extent, as well as the number of oxygen vacancies!'31, 
Meanwhile, ABO3.5 oxides have exhibited fascinating properties, and have been studied on many fields such as 
oxygen permeable membranes"!, photocatalysis!, magnetic materials'*!, solid oxide fuel cells (SOFCs)!7! and 


solid oxide electrolysis cells (SOECs)'®!. 


SrFeO3.,, typical perovskite oxides, contain mixed-valence iron cations presented as Fe** in B-site that could 
transform to lower valence state at low oxygen partial pressure accompanied by the formation of oxygen 
vacancies", It is no doubt that the phase structure of strontium ferrates can transform, at relatively stronger 
reducing atmosphere, from cubic to orthorhombic brown millerite phase, in which oxygen vacancies aggregate 
and ultimately represent ordering!!"!. Oxygen vacancies usually exist in perovskites as point defects, and have 
nonnegligible influence on its structure and electronic properties. The appropriate amount of oxygen vacancies 
is in favour of the oxygen-ion transmission, resulting in good electronic properties; whereas, a sufficiently high 
concentration of oxygen vacancies is not favourable as it can aggregate, arrange orderly and even give rise to 
phase transformation. As a result, the oxide ion conduction and electrical conductivity are drastically 
reduced!!!), 

In this work, the Zr-doping perovskite Sro9Feo.9Zro.103-5 (SFZO) is synthesized by solid state reaction 
method to suppress the phase transition. The structure, oxygen vacancies, electrical properties and 
electrochemical properties of SFZO are systematically studied. Steam electrolysis is then performed with 


SFZO cathode. 


2 EXPERIMENTAL 


2.1 Materials and apparatus 

Perovskite Sro9Feo.9Zro.103-5 (SFZO) powder was prepared by a traditional solid-state reaction method. 
Stoichiometric SrCO3, Fe2O3 and ZrO> (all chemicals used in this current investigation were 99% AR from 
Sinopharm Chemical Reagent Co., Ltd) were completely mixed by grounding in a zirconia ball mill for 10 min 
at a speed of 1000 rounds per min, and then pressed into pellets followed by calcination in air at 1300 °C for 


20 h. The SFZO samples were reduced in 5%Ho/Ar at 800 °C for 3 h. 


The phase analysis of the as-synthesized SFZO powder was performed by X-ray diffraction (XRD) at room 
temperature using D/MAX2500V, Rigaku Corporation, Japan (CuKa, 20 = 20~80°) at a scan rate of 3° min“. 
The surface microstructure of the electrolyser was observed by Scanning Electron Microscopy (SEM, 
JSM-6490LV, JEOL Ltd, Japan). Transmission Electron Microscopy analysis (TEM) was used to investigate 
the oxidized SFZO powder with a JEOL 2100F field emission transmission electron microscope operating at 
200 kV. X-ray photoelectron spectroscopy (XPS, AlKa, ESCALAB25, Thermo, America) was employed to 


analyze the chemical state of the elements on SFZO surface before and after high temperature treatment in 5% 
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H2/Ar at 800 °C for 3 h. TGA testing of the reduced SFZO powder was conducted using a thermal analyzer in 
air with the temperature changing from 320 to 1000 °C in a speed of 5 °C min! (STA449F3, Naichi 
Corporation, Germany). The conductivities of samples were measured with a direct current four-probe method 
by an electrochemical workstation (Keithley 2000, Digital Multimeter, Keithley Instruments Inc., USA) in the 
air atmosphere and reducing (5%H2/Ar) atmosphere with temperature ranging from 650 to 800 °C, respectively. 
The dependence of conductivity on the oxygen partial pressure was measured at 800 °C by an online 
multimeter (Keithley 2000, Digital Multimeter, Keithley Instruments Inc., USA) and the oxygen partial 


pressure ranging from 10°!’ to 10° atm was recorded by online oxygen sensor (OX YGEN-MODEL 3000-SX). 


2.2 Symmetrical cells preparation 

The 2-mm-thick 8YSZ electrolyte support was prepared by dry-pressing the 8YSZ powders into a disk with 
a diameter of 20 mm followed by sintering in air at 1550 °C for 20 h. Two surfaces of the YSZ electrolyte 
support were mechanically polished and ultrasonically cleaned in ethanol and acetone. The CeogSmo202.5 
(SDC) powders were prepared by the combustion method in which the Sm203 and Ce(NO3)3-6H20 powders 
were mixed evenly and sintered at 800 °C (3 °C min’) for 3 h in air. The cathode slurry of SFZO-SDC was 
formed by mixing the prepared SFZO-SDC powder (at a ratio 65:35 wt%), alpha-terpineol, and appropriate 
amounts of cellulose additive. Then the cathode slurry was printed onto the two surfaces of the prepared 
cleaned YSZ discs with an area of approximately 0.5 cm?, followed by sintering in air at 1100 °C for 3 h to 
assemble symmetrical cells. Ag paste (SS-8060, Xinluyi, Shanghai, China) was used as a current collector 
covering anode and cathode surfaces, and Ag wire (0.2 mm in diameter) was used for connecting the 
electrodes to the electrochemical equipment, followed by firing in air at 550 °C for 30 min. The symmetrical 
cells (SFZO-SDC/YSZ/SFZO-SDC) were measured by the electrochemical workstation (IM6, Zahner, 
Germany) at open circuit voltage (OCV) at 800 °C under different hydrogen partial pressure and different 
oxygen partial pressure, respectively. The applied frequency was in the range of 100 mHz~4 MHz, with a 
voltage amplitude of 10 mV. The flow rate of gas was 50 ml min“!, controlled by a mass flow meter (D08-5F, 


Sevenstar, Beijing, China). 


2.3 Electrolysis cells preparation 

The powders of (Lao.sSro.2)o.95MnO3-5 (LSM) were synthesized using solid state reaction by mixing the 
proper amounts of La2O3, SrCO3 and MnO; and the treatment temperature was 1100 °C (3 °C min!) for 10 h in 
air. The LSM slurry was formed by mixing the prepared LSM-SDC powder (at a ratio 65:35 wt%), 
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alpha-terpineol, and appropriate amounts of cellulose additive. Then the SFZO-SDC slurry was printed onto 
the cathode surfaces and the LSM slurry onto the anode surfaces of YSZ discs with an area of approximate 0.2 


cm? 


, respectively, followed by sintering in air for 3 h at 1100 °C to assemble the single solid oxide cells 
(SFZO-SDC/YSZ/LSM-SDC). The single solid-oxide electrolysers were sealed by ceramic paste (JD-767A, 
Jiudian, Dongguan, China) to a home-made testing apparatus for electrochemical measurements, including AC 
impedance and current-voltage curve (I-V curve). The single solid oxide electrolysers were investigated for 


direct hydrogen electrolysis. The H2 yield was analyzed by gas chromatography (GC-2014, SHIMADEU, 


Japan) under each new different applied voltage. 


3 RESULTS AND DISCUSSION 


3.1 Analysis of the crystal structure 

Fig. 1 shows the XRD patterns of the oxide powers at 1300 °C in air for 20 h, which confirms that the 
perovskite-type SrFeO3 and SFZO are pure phase. However, the phase transition from cubic perovskite to 
orthorhombic structure (Sr2Fe2Os) has been observed for SrFeO3 sample after reduction!!”!, as shown in Fig. 1 
(a), suggesting a weak phase stability in reducing atmosphere. In contrast, as shown in Fig. 1(b), no phase 
transitions or impurites are observed for SFZO even treated at 800 °C in 5%HyAr for 3 h. The partial 
replacement of Fe with Zr has effectively improved the phase stability of SFZO even in strong reducing 
atmosphere. According to the Scherrer Equation L = K//Bcos6"3!, the crystal cell parameter of the oxidized 
SFZO is determined to be 3.908 A, which is slightly smaller than that of the reduced SFZO (3.921 A). This is 
because the Fe** (0.585 A) is partially reduced to Fe** (0.645 A), which may give rise to expansion of the cell 


volume as the oxygen loss is present after high temperature reduction. 


3.2 Oxygen vacancy and transition metal 


Fig. 2(a) shows the TGA tests for the reduced SFZO from 320 to 1000 °C (5 °C min’) in air. In the range of 
320~476 °C, the weight increase is attributed to the oxidation of Fe** to its higher valent state (Fe**)!'*! with 
consequent oxygen gain as the same time, accompanied by the 0.156 mol oxygen gain per chemical formula. 
In the range of 476~ 1000 °C, an increased weight loss is observed, which is ascribed to the reduction of Fe** 
to Fe** as well as the loss of lattice oxygen, accompanied by the 0.121 mol oxygen loss per chemical formula 


at high temperature. The thermally induced lattice oxygen loss creates oxygen vacancies over 476 °C. As a 


result, to maintain the charge balance, the valence state of Fe ions changes from 4+ to 3+">!71_ Fig. 2(b) shows 
the typical microstructures and lattice constant of the obtained SFZO powders. The lattice constant is 0.383 nm, 


presenting a similar lattice constant as reported for the (111) plane!!® 1°, 


In order to confirm the change in elemental valence, XPS analysis is performed to test the oxidized and 
reduced SFZO samples, respectively. All XPS patterns are fitted using a Shirley-type background subtraction 
method and the background functions for different spectra of different elements are fitted using 80% Gaussian 
and 20% Lorentzian functions'?°!, All information of XPS peak comes from the database of Thermo Fisher 
Scientific?"!, As shown in Fig. 3(a), the Fe 2p spectrum can be deconvoluted with three spinorbital doublet 
pairs that are originated from different chemical coordination of Fe. The first one is at binding energies of 
709.9 eV (Fe 2p3/2) and 722.78 eV (Fe 2p1/2), corresponding to Fe? ions; the second one is at 710.4 eV (Fe 
2p3/2) and 723.5 eV (Fe 2p1/2), corresponding to the average valence state of Fe between 2+ and 3+; and the 
third one is at 711.4 eV (Fe 2p3/2) and 725.08 eV (Fe 2p1/2), assigned to Fe**. In Fig. 3(b), the Fe** (2p3/2), 
Fe** (23/2), Fe? (2p1/2) and Fe** (2p1/2) peaks are observed at 714.70, 711.88, 728.08 and 724.88 eV in the 
reduced SFZO sample, respectively. According to the fitting results, the ratio of Fe** and Fe** is about 2.1 in 
the reduced SFZO sample. Moreover, the shift of Fe binding energy between oxidized and reduced samples is 
attributed to the iron valence state change of Fe% to Fe**. In the meantime, the amount of oxygen lattice 


changes, which is consistent with the result of TGA analysis’? 331, 


3.3 Electrical and electrochemical properties 


The conductivity with a positive temperature coefficient for SFZO is shown in Fig. 4(a). The conductivities 
increase with the temperature and finally reach approximate 7.0 Scm' in air and 1.5 Sem! in 5%Ho/Ar, 
respectively. It should be noted that the conductivity of reduced SFZO is higher than the reported values for 
LSCM at high temperatures”! Fig. 4(b) shows the dependence of conductivity on oxygen partial pressure 
where the conductivity increases from 0.3 to 7.0 S cmt, with the oxygen partial pressure ranging from 10°!” to 
10° atm at 800 °C. A typical p-type conduction has been demonstrated for the SFZO oxide while small n-type 
conduction is still observed at low oxygen partial because of the reversible change between Fe**, Fe*+ and Fe**. 
The decrease of conductivity in the reducing atmosphere is ascribed to the decrease of concentration of charge 


carrier at low oxygen partial pressure atmosphere that leads to the generation of oxygen vacancy. 


Fig. 5(a) and (b) show the AC impedance plots of symmetric cells with a configuration of 


SFZO-SDC/YSZ/SFZO-SDC tested under hydrogen and oxygen partial pressure, respectively. The ohmic 
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resistance (R;) of impedance spectra is subtracted for the comparison of electrode polarization resistances. The 
intercept with real axis in the impedance spectra corresponds to the electrode polarization resistance (Rp), 
measured by Zview software! As shown in Fig. 5(a), the R, of the symmetric cell decreases from 5.74 to 
2.29 Q cm? with the hydrogen partial pressure ranging from 5 to 100%, suggesting that reducing atmosphere 
benefits the electrode polarization improving. In Fig. 5(b), the electrode polarization resistance is 0.71, 0.51, 
0.39 and 0.3 Q cm? under 2, 5, 10 and 20% On, respectively. This result indicates that SFZO can be a 


potentially promising candidate as cathode or anode in SOECs. 


Fig. 6(a) shows the microstructure of a single electrolyser with the configuration of (cathode) 
SFZO-SDC/YSZ/LSM-SDC (anode). It can be found that the two porous electrode layers are approximately 
10 um in thickness, and adhere well to the YSZ electrolyte. The steam electrolysis was performed at different 
applied voltages with 5%H20/5%H2/Ar and 5%H2O/Ar fed into the cathode, ranging from 1.0 to 2.0 V at 800 
°C, respectively. Fig. 6(b) shows the typical curves of the current density versus voltage (I-V curves) of the 
electrolysers for direct steam electrolysis. In order to check the sealing of single solid oxide electrolyser, the 
open circuit voltage (OCV) is recorded. The OCV of the solid oxide electrolyser reaches about 100 mV when 
cathode is fed with 5%H2O/Ar while OCV reaches 1.1 V fed with 5%H20/5%H)/Ar at 800 °C, which reflects a 
reasonable separation between anodic and cathodic gases. There exist two different cell processes in the 
voltage region: (a) the electrochemical reduction of cathodes and the oxidation of anodes at low voltages; (b) 
the steam electrolysis at high voltages. Above 1.1 V, the current densities increase steeply with both two 
different atmospheres fed in the SFZO cathode, which indicates that the SFZO electrode with zircoium doping 
significantly promotes the phase stability, resulting in good cell performances under reducing atmosphere. The 
current density of the solid oxide electrolyser based on the SFZO composite cathode fed with 5%H20/Ar 
increases from about 7.8 to 325 mA cm”, with the applied potential ranging from 1.0 to 2.0 V. The maximum 
current density reaches 326 mA cm? at 2.0 V when 5%H20/5%H)?/Ar is fed into cathode. All of the above 
indicates that the SFZO-SDC electrode shows a good cell performance for steam electrolysis even under 


reducing atmosphere. 


To further study the electrochemical performance of electrodes, in situ AC impendence spectroscopy was 
used to investigate the polarization resistance of the cells under different applied voltages. Fig. 7 shows the in 
situ AC impedance spectroscopy of the electrolysis cells based on SFZO under different applied voltages 
ranging from 1.2 to 1.7 V at 800 °C in 5%H20/5%H2/Ar and 5%H20/Ar, respectively. Two main 
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electrochemical processes (cathode reduction at low voltages and steam electrolysis at high voltages) exist in 
the range of 1.2~1.7 V during the electrolysis process under both two different atmospheres. As shown in Fig. 
7 (al, a2) in 5%H20/5%H)2/Ar, Rp values considerably decrease with the applied voltage increasing from 1.2 to 
1.7 V. The increasing applied voltage can electrochemically reduce the cathode, which increases the mixed 
conductivity of SFZO, and accordingly enhances the electrode performance as well. Two semicircles are noted 
on the impedance spectroscopy: the high-frequency arcs (R1) at high frequencies and low-frequency arcs (R2) 
at low frequencies. The R; of the solid oxide electrolysers based on SFZO cathode is stable in 
5%H20/5%H)2/Ar, indicating that the charge transfer at high frequency remains stable. At low frequency, the R2 
is slightly decreased from 3.74 to 3.67 Q cm? at the applied voltage of 1.2~1.7 V, suggesting the improved 
kinetics of gas conversion. Fig. 7 (b1, b2) shows the in situ AC impendence spectroscopy of the SFZO-SDC 
composite cathode in 5%H20/Ar atmosphere. A similar phenomenon is observed in the less reducing 
atmosphere, which reveals that there are appropriate amounts of oxygen vacancies in the 5%H2O0/Ar 


atmosphere. 


Fig. 8(a) and (b) show the electrolysis performances of SFZO cathodes fed with 5%H20/5%H2/Ar and 
5%H20/Ar at 800 °C, respectively. The current density with 5%H20/5%H2/Ar fed into the cathode reaches 
approximate 78, 207 and 265 mA cm” at 1.2, 1.6 and 1.8 V, respectively. Similarly, the current density with 
5%H2O/Ar fed into cathode arrives to 98, 212 and 266 mA cm” at 1.2, 1.6 and 1.8 V, respectively. It is quite 
obvious that the SFZO cathode demonstrates similar performances in two different atmospheres. Moreover, the 
SFZO shows a stable performance in a wide range of applied voltage, indicating reasonable phase stability 
under a stronger reducing atmosphere at high temperature. The performance of SFZO is comparable to the 
reported values of 41~173 mA cm? at 1.2~2.0 V at 800 °C for a 2-mm-thick YSZ electrolyte supported 


electrolyser with 6 wt-% Co304-loaded LSM-BCZYZ cathode!" 


Fig. 8(c) and (d) show the rate of hydrogen production and the current efficiency of electrolysers based on 
SFZO composite cathode for steam electrolysis in 5%H20/5%H2/Ar and 5%H20/Ar at different applied 
voltages at 800 °C, respectively. The hydrogen production rates reach as high as 0.7~1.4 mL cm? min"! for the 
cell at 1.2~2.0 V in 5%H20/5%H2/Ar atmosphere. In contrast, the hydrogen production rates get to 0.7~1.9 mL 


2 min?! in 5%H2O/Ar under the same conditions, which are around 30% higher than the performance in 


cny 
former 5%H20/5%H2/Ar atmosphere. Similarly, the current efficiency reaches 80% in 5%H20/Ar atmosphere 
while only 70% is achieved in 5%H20/5%H2/Ar with the applied voltage ranging from 1.6 to 2.0 V. However, 
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the current efficiency reaches as high as 90% at low voltages with SFZO cathode in 5%H20/5%H)2/Ar because 
of the high catalytic activity in stronger reducing atmosphere. As we know, the SFZO is a typical p-type 
conductor and the conductivity in oxidizing atmosphere is around 1 order of magnitude higher than that in the 
reducing atmosphere. Similarly, the SFZO cathode is expected to demonstrate a lower conductivity in 
5%H20/5%H2/Ar than that in 5%H2O/Ar atmosphere, which may be the reason why the cell with SFZO 


cathode in 5%H2O/Ar shows higher current efficiency at high voltages. 


4 CONCLUSION 


In this work, perovskite SFZO oxide is reported as a redox-stable cathode for solid oxide steam electrolyser. 
Excellent phase stability is achieved even only 10% Zr is doped to the Fe-based perovskite oxide, with 
appropriate number of oxygen vacancies. Electrical property measurements show that the SFZO is a typical 
conductor with 1.5 and 7.0 S cm! in 5%Ho/Ar and air at 800°C. SFZO oxide exhibits superior SOEC cathode 
performance, and the current efficiency as high as 90% is achieved for steam electrolysis in 5%H20/5%H2/Ar 


at low voltages. All of above indicates the enormous potential of SFZO in direct steam electrolysis. 
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Fig. 1. XRD patterns of the samples (a) oxidized and reduced SrFeQs; (b) oxidized and reduced SFZO. The diagram of 


(c) cubic perovskite and (d) orthorhombic structure (where A is Sr, green; B is Fe/Zr, yellow; and O is oxygen, red) 


101.5 


101.1 
z 
= 0.121 Oxygen 
79100 7 
> 0.156 Oxygen 
Z 
i l >= 
99.9 0.383 nm 
320 490 830 1000 | 


660, 
Temperature ( C) 
10 


Fig.2. (a) TGA tests of reduced SFZO from 320 to 1000 °C in air; (b) TEM image of the reduced SFZO sample 
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Fig.3. XPS results of Fe in (a) oxidized SFZO and (b) reduced SFZO sample 
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Fig. 4. Dependences of the conductivity of SFZO on (a) the temperature in air and in 5%H?/Ar from 650 to 800 °C; 


(b) Oxygen partial pressure ranging from 10° to 10-17 atm at 800 °C, respectively 
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Fig. 5. AC impedance of symmetric cells based on SFZO electrodes tested at 800 °C under (a) different hydrogen partial 
pressures and (b) different oxygen partial pressures, respectively 
0.4 


= 
ue 


Current density (A em”) 
I 
N 


5% H,0/5% H/Ar é 
0.1 
5% H,O/Ar 
0.0 
1.0 1.2 1.4 1.6 1.8 2.0 
Potential / V 


Fig. 6. (a) SEM image of the electrolyzer cells: SFZO-SDC/YSZ/LSM-SDC; 
(b) the I-V curves of the solid oxide electrolyzer based on SFZO composite oxygen electrode 


for steam electrolysis at 800 °C in two different atmosphere 5% H20/5 % H2/Ar and 5 %H20/Ar 
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Fig. 7. In situ AC impendence of the solid oxide symmetric electrolyzers based on SFZO 
at 800 °C with the flow of 5%H20/5 %H?7/Ar (a1, a2) and 5%H20/Ar (b1, b2) 
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Fig. 8. Performances of single electrolyzer with cathode based on SFZO at different applied potentials for steam 


electrolysis in different atmospheres: (a) 5% H20/5 % H2/Ar and (b) 5%H20/Ar. The hydrogen production 
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(c) and current efficiency (d) for the electrolyzers with the flow of 5%H20/5 % H2/Ar and 5% H20/Ar at 800 °C 


Perovskite Sro.»Feo.»Zro.103.5: Redox-stable Structure, Oxygen 


Vacancy, Electrical Properties and Steam Electrolysis Performance 


LI Zhe(# #%) YE Ling-Ting(*t R) XIE Kuih 4) 


In this study, Sro.Feo9Zro.103-5 (SFZO) is synthesized and then treated in 5%Ho2/Ar and air at high 
temperature, exhibiting excellent redox stability. Redox-stable structure, oxygen vacancy and electrical 
properties of the SFZO are investigated. Steam electrolysis is then performed with SFZO cathode under 
5%H20/5%H2/Ar and 5%H20/Ar atmospheres, respectively. The present results indicate that the SFZO is a 


novel promising cathode material for solid oxide steam electrolyser. 


